An electrode-contact-related mechanism for the operational instability of organic electronic devices is proposed and confirmed via observation of a water-induced change in chargeinjection barrier heights at the electrode/organic semiconductor interfaces. Water molecules in air penetrate into the organic crystal via diffusion, and an external electric field orients the electric dipole of the water molecules at the electrode surfaces, leading to dipolar switching of the charge-injection barrier height. As a result of the switching, current-voltage curves of two-terminal Au-rubrene-Au devices change from symmetric to asymmetric, showing diodelike rectification and reversible switching of the diode polarity. The device shows the highest current switching ratio of 267 for the switching voltage of 3 V, corresponding to an electrode work function change of > 144 meV. The mechanism proposed herein will be important especially for short-channel organic devices, which are indispensable for applications such as organic integrated circuits.
Introduction
Realistic application of electronic devices requires stable operation for a prolonged period of time in the environment in which the devices are used. In many cases, the devices are used in ambient air. Thus, the devices are always exposed to atmospheric molecules such as nitrogen, oxygen and water. Among them, water is known to largely affect the operation of electronic devices, and various mechanisms have been proposed for dealing with water-induced instabilities. [1] [2] [3] [4] [5] In particular, electronic devices based on organic or molecular semiconductors are generally weak against water-induced instabilities. This is due to a weak intermolecular interaction or large intermolecular separation, which allows small molecules such as water to easily penetrate into the crystal. Considering a field-effect transistor configuration, the region around the channel, where the charge conduction occurs, would be largely affected by the water penetration. The proposed mechanisms include diffusion of water-related species into the gate dielectric, [6] [7] [8] water-induced polarization of the gate dielectric, [9, 10] and charge carrier
Results

Figure 1a
depicts the mechanism of water-induced instability proposed herein. A weak intermolecular interaction in molecular solids results in a relatively large intermolecular spacing. Thus, foreign small molecules such as water can easily penetrate into the molecular crystal. In addition, if the molecular layer is a polycrystalline film, the penetration is expected to be largely enhanced owing to the presence of grain boundaries. When the penetrated water molecules diffuse until reaching the source/drain electrode contacts, the water molecules are expected to align their electric permanent dipole to the electric field generated by the drain voltage. Subsequently, the aligned water molecules form an electric double layer at the electrode contacts as shown in Figure 1b , which is expected to lead to the modulation of the effective work function of the source/drain electrodes. [19, 20] The direction of the expected change in the work function is opposite in the source and drain contacts. Thus, as a result of the dipolar switching, asymmetry in the charge-injection barrier height is introduced to the device, which can be regarded as a two-terminal metal-semiconductor-metal diode with asymmetric Schottky barrier heights. [21] Furthermore, the resultant asymmetry in the charge-injection barrier heights can be reversed by changing the polarity of the drain voltage. The opposite direction of the electric field arising from the polarity-reversed drain voltage leads to oppositely aligned dipoles of water molecules at the electrode contacts as shown in Figure 1c . This leads to opposite asymmetry in the charge-injection barrier heights. Thus, the polarity of the diode-like rectification behavior in I-V characteristics is also reversed as was observed in a metalorganic semiconductor-metal diode with a switchable molecular modification layer on the electrode surface. [22] [23] [24] Figure 2a shows a schematic diagram of a measured device consisting of a rubrene single crystal bridged over two 14-nm-thick Au electrodes with a very short (< 1.0 µm) spacing, where the doped Si substrate and the left (source) terminal were grounded, and the (drain) voltage V was applied for inducing the switching and also for characterizing the diode.
The measurement scheme for the characterization of the reversible switching behavior was as follows: (1) The reversible switching behavior in I-V characteristics is understood through the energy diagrams displayed in Figure 2d . First, by considering the values of the work function of polycrystalline Au films (5.1 eV) [25] and the valence band maximum of rubrene (4.85 eV), [26] it is concluded that holes are the majority carriers of the two-terminal device fabricated in this study. Thus, only the hole-injection barrier is considered in the energy diagrams. In the initial I-V curve, the current level is moderate and symmetric, and thus, moderate hole-injection barriers exist at both electrode contacts. After the application of the positive switching voltage, the current level is higher in the positive V region than in the negative region, which indicates that the hole-injection barrier is higher in the right (drain) contact than in the left (source) contact. After the application of the negative switching voltage, the current asymmetry was reversed, and the asymmetry in the barrier height was also reversed. As shown in these energy diagrams, the reversible switching of the polarity of the diode-like rectification behavior is understood through the reversible switching of the asymmetry in the hole-injection barrier heights at the two electrode contacts.
As a measure of the extent to which the current changes, the current switching ratio is defined as follows. As shown in Figure 2b , the absolute current increased in the positive (negative) V region after the application of the positive (negative) switching voltage. Thus, the ratio between the absolute currents measured at the positive (negative) V region after and before the application of the positive (negative) switching voltage indicates how much the absolute current increased after the switching. The ratio of the absolute current measured at V = +1 or −1 V was used for calculating the switching ratio. In the series of switching measurements, the number of applications of switching voltages for each absolute switching voltage was ten in total (five for positive and five for negative switching voltages). The average switching ratio of the ten switching procedures was obtained.
Figure 3a
illustrates the measurement of the current switching ratio in humiditycontrolled air. The measurements were performed with a device with an electrode spacing of 0.6 μm under relative humidity from 25% to 62.5% in steps of 7.5%. At each humidity, the switching voltage was applied in the order V = ±1, ±3, ±5, ±7, and ±9 V. Even at the lowest humidity tested (25%), the switching ratio first increased as the switching voltage increased from 1 V to 5 V, and thereafter slightly decreased as the switching voltage increased beyond 5
V. This can be understood through the concurrent presence of the gate-related instability, especially owing to the generally observed current reduction via charge carrier trapping at/near the channel. [11] [12] [13] [14] [15] Apart from the influence of the gate-related mechanism, the switching ratio tended to increase as the relative humidity increased from 25% to 47.5%, which can be attributed to the dipolar switching of charge-injection barrier heights.
Figure 3a also shows that the switching ratio started to decrease as the relative humidity increased beyond 47.5%, and almost no switching was observed at 62.5%. This can be attributed to the irreversible degradation of the rubrene crystal, which is possibly due to electrochemical oxidation. The oxidized channel became almost insulating as shown in Figure   3b , and thus, switching behaviors could not be observed. The irreversibility was further confirmed through a series of measurements with a different sequence. Figure 3c shows the evolution of absolute current measured at VD = +1 or −1 V after the application of each switching voltage. The inter-electrode spacing of the device used for the measurements was 0.8 μm. The sequence of setting of the relative humidity is shown in the explanatory notes of each plot, namely, in the order (1) 27.5%, (2) 50%, (3) 27.5%, (4) 72.5%, and (5) 27.5%.
During the first three sequences, the change in the current level was not large. However, during the switching measurements at the highest humidity tested (72.5%), the current level rapidly decreased to almost zero, and the current level did not recover after setting back to the low relative humidity of 27.5%. These results confirm that the current decrease through the application of switching voltage in high humidity conditions was caused by irreversible degradation of the rubrene crystal.
The necessity of H2O for switching was further confirmed through measurements in a gas-controlled environment as shown in Figure 4a . The switching ratio was determined using a method similar to that used in Figure 3 . Figure 4a illustrates the measurement of the current switching ratio in a gas-controlled environment: N2 including 400 ppm of H2O (filled circle), N2 (open circle), and O2 (triangle). The channel length of the measured device was 0.4 µm.
The switching ratios are very low for N2 and O2 environments, indicating that the charge-injection barrier height was subject to almost no switching in these environments. In contrast, inclusion of a small amount of H2O molecules drastically enhanced the switching, where the switching ratio was determined to be as high as ca. 30 for the switching voltage of 9 V. These results demonstrated the necessity of H2O for the switching of the charge-injection barrier.
In the N2 environment with a small amount of H2O, the switching ratio shows a monotonic increase as the switching voltage increases below 9 V. This behavior is different from the nonmonotonic behavior in Figure 3 and is considered to arise from the difference in the concentration of H2O molecules. Actually, 400 ppm of H2O (Figure 4 ) corresponds to the absolute humidity of 0.36 g m −3 , which is much lower than that (6.4 g m −3 ) corresponding to the relative humidity of 25% at 27 °C. In the investigated system with a very short channel length, the contact-related mechanism proposed herein is dominant in the very-low-humidity range, but the gate-related mechanism shows a large contribution under the humidity range realistic in our place of living.
Discussions
As shown above, the polarity reversal of the rectifying I-V curve is attributable to the waterinduced reversible switching of the charge-injection barrier height, but a microscopic view that can explain the experimentally obtained energy diagrams in Figure 2d is not provided.
First, the electric field generated by the application of the (drain) voltage aligns the dipole of H2O as shown in Figure 5a . The direction of the aligned dipole is opposite at the left (source) and right (drain) contacts, leading to the asymmetry in these two contacts. Subsequently, we consider how the aligned H2O molecules change the work functions of the electrodes.
Intuitively, the direction of the switching could be determined by an electric double layer formed by the permanent electric dipole [19, 20] of H2O molecules, from which energy diagrams were deduced as shown in Figure 5b . It is easily understood that the diagrams are different from the experimentally obtained ones in Figure 2d .
Thus, a microscopic view that does not rely on the dipole model is necessary to explain the observed direction of the switching. Another possible feature of H2O adsorption is the socalled push-back (or "pillow") effect. [27] [28] [29] At the bare metal surface, the electronic cloud spills out from the metal into the vacuum, which forms an electric double layer with the negative pole facing outward. [30] When foreign atoms or molecules (H2O in the present case)
are adsorbed on the electrode metal surface, the metal electronic cloud in the vacuum side is partly pushed back into the metal via the Pauli repulsion from the electronic cloud of the adsorbate. This leads to a reduction in the electric double layer at the metal surface, resulting in a decrease in the work function. By considering the extent of the electronic cloud of H2O molecules, [31] the decrease in the work function is considered to be larger when the hydrogen side faces the electrode metal surface, from which energy diagrams were deduced as shown in Figure 5c . These diagrams are consistent with the experimentally deduced ones in Figure 2d , and thus, the push-back model properly explains the results. Although quantitative examinations are absent at present, this finding qualitatively indicates that the change in the effective work function caused by the push-back effect was larger than that caused by the dipole effect.
Two-terminal metal-organic-semiconductor-metal devices with short inter-electrode spacings can be treated as two Schottky diodes connected back-to-back in series. [21, [32] [33] [34] [35] [36] The I-V characteristics of such devices show a rapid increase in |I| within a small |V| region and subsequent saturation of |I| in a higher |V| region, which was indeed observed as shown in the top panel of Figure 4b . Even if asymmetry is introduced into the charge-injection barriers at the two electrode contacts, the I-V characteristics have been predicted to follow the same trend, but the current level after saturation in the positive and negative V regions becomes different depending on the degree of asymmetry in the charge-injection barrier height. [21] In the center and bottom panels of Figure 4b , which were measured after applying switching voltages, the I-V curves show a quasi-saturation behavior, and the current levels are different in the positively and negatively biased regions. Thus, the results shown in Figure 4 can be considered to be within the theoretical framework of two Schottky diodes, with asymmetric Schottky barrier heights, that are connected back-to-back in series. [21] The I-V characteristics of such systems can be understood through the thermionic emission of charge carriers from an electrode into a semiconductor. The thermionic emission current of a single Schottky diode with a Schottky barrier height of ΦB is written as follows: [37] 
where A is the cross-section of the current flow path, A * is the effective Richardson constant, T is the absolute temperature, q is the electronic charge, k is the Boltzmann constant, Rs is the series resistance mainly arising from the semiconductor's bulk resistance, and n is the ideality factor of the thermionic emission behavior. The expression for I for highly negative V is called the reverse saturation current. In the case of two Schottky diodes connected back-toback in series, the energy barriers at both electrode contacts should be considered. The I-V characteristics are now different from Equation (1), and I in both positively and negatively biased regions is governed by the reverse saturation current. [21] If the charge-injection barrier heights are different in the two electrode contacts, |I| in the V region with one polarity (positive or negative) is higher than that in the region with the other polarity, which are determined by the reverse saturation current of a single barrier diode with lower and higher ΦB, respectively. [21] The application of a switching voltage reversibly switches the ΦB values as the interface with higher (lower) ΦB values becomes that with lower (higher) ΦB values. Therefore, the switching ratio obtained from the I-V curves that show a quasi-saturation behavior as in Figure 4b can be related to the work function change through the switching, δΦB, using the relationship in Equation (2) . The inset in Figure 4a shows the δΦB values calculated using Equation (2) from the experimentally obtained switching ratios for the H2O-containing N2 environment. The work function change of ca. 92 meV was obtained for the switching voltage of 9 V. However, the saturation behavior of the I-V curves in Figure 2b is too weak to rationalize the relationship in Equation (2), which is possibly due to a rather large series resistance [38] (mainly, the bulk resistance of the semiconductor layer). Therefore, the δΦB values calculated from Equation (2) are expected to be the lower limit of the actual work function change. In the case of the highest switching ratio obtained in this study (ca. 267 for the switching voltages of 3 and 5 V under the relative humidity of 47.5%), the work function change can be estimated to be higher than 144 meV.
Conclusion
A mechanism of water-induced instability in organic electronic devices was proposed. This mechanism is related to the source/drain electrode contacts and is different from the gatedielectric-related mechanisms reported so far. The mechanism was confirmed via a change in the current-voltage (I-V) characteristics of a short-channel two-terminal (electrode-organicsemiconductor-electrode) device. The change was manifested as a reversible switching of the polarity of diode-like I-V characteristics, which is attributable to a change in the chargeinjection barrier height at the source/drain electrode contacts. The switching behavior was not observed in pure nitrogen or pure oxygen environments but was observed in a watercontaining environment, which provides cogent evidence for the proposed mechanism.
This kind of contact-related mechanism is expected to be important in short-channel devices where the contribution of electrode contacts is inherently large. Therefore, the instability mechanism proposed and confirmed herein will be essential, especially in organic integrated circuits and related architectures that require miniaturization. Moreover, the contact-related mechanism is not restricted to organic semiconductors. It is expected to work generally in loosely packed semiconductors, which include nanowire/nanosheet network films in addition to van der Waals molecular solids.
Experimental Section
Sample preparation: A highly doped Si wafer with a thermally oxidized layer was used as a substrate. The thickness of the SiO2 layer was 300 nm. Conventional electron beam lithography processes were used to fabricate electrode patterns on the substrate. The electrodes were 1.0-µm-wide and were made of 14-nm-thick gold with a thin (1-nm-thick) Cr under-layer, which acted as an adhesion layer to SiO2. The inter-electrode spacings were as short as less than 1 μm, which ensures the large contribution of the electrode contacts to the overall electrical resistance of the fabricated devices. Finally, a rubrene single crystal synthesized via physical vapor transport [39, 40] was manually laminated onto the fabricated electrode pattern.
Measurements:
The electrical characteristics of the fabricated devices were measured using a semiconductor device analyzer (Keysight, B1500A) at room temperature (~27 °C) in a dark condition. Two types of controls of the measurement environment were tested: humiditycontrolled air (relative humidity from 25% to 72.5%) and gas-controlled environment (N2, O2, or N2 + 400-ppm H2O). These measurement environments were maintained at ambient pressure (~10 A mechanism for operational instability of organic electronic devices is proposed and experimentally confirmed. Polar molecules in air (H2O) penetrate into the organic semiconductor layer and reach the electrode surface. The electric field generated by the application of voltage to the electrode orients the electric dipole of the polar molecules, which effectively changes the charge-injection barrier height at the electrode/semiconductor interfaces. 
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